Satellite are used to examine sequences of days during the driest phase of the atmospheric "tape recorder" signal in the lower stratosphere. It is found that the Indonesian region is the first place to become dry followed by the western Pacific and Panama. Eventually, dry air is found in a band along the equator with the most northerly extent over Indonesia and Panama. Two-dimensional trajectories show that winds cannot account for the spread of dry air from Indonesia and Panama across the entire tropics. The patterns are difficult to explain but may result from a combination of widespread ascent of air and the effects of deep convection.
displacements which promote the formation of ice crystals in the lower stratosphere. Potter and Holton's mechanism, like Danielsen's, results in dehydration but does not require convection to penetrate the tropopause or reach the hygropause.
More recently, Dessler [1998] used radiosonde data from 1994 to 1997 to reexamine the stratosphere fountain hypothesis and found that the zonal and annual average mixing ratio of water vapor entering the stratosphere agreed well with the zonal and annual average saturation mixing ratio of the tropical tropopause region and therefore that the stratospheric fountain hypothesis was unnecessary. There remains some debate over this issue [V6mel and Oltmans, 1999; Dessler, 1999] . Zhou et al.
[2001] analyzed radiosonde data over the years 1973-1978, a longer time period than that which Dessler [1998] used, and showed that although the stratospheric fountain might not have been necessary to account for stratospheric mixing ratios during the mid-1990s as Dessler found, it was necessary for most of the years before that. It has also been suggested that the word "fountain" is inappropriate since air has been shown to be sinking in the fountain region [Sherwood, Some of these theories lead more or less structure in the lower stratospheric water vapor field to be expected. The aims of this paper are twofold, to show that there is considerable structure to the water vapor field at 68 hPa and to exploit the daily coverage of MLS in the tropical region to follow synoptically the evolution of the observed features. We focus on the boreal winters of 1992 and 1993 when the driest air is found in the lower stratosphere. The appearance of the driest air has longitudinal preferences which could give some insight into the role of the stratospheric fountain in the dehydration of the lower stratosphere.
Data
The UARS satellite [Reber, 1993] is in an almost circular orbit at an altitude of 585 km and an inclination of 57 ø to the equator. It makes about 15 orbits a day. MLS makes a limb scan perpendicular to the UARS orbit path from a tangent height of 90 km to the surface. The measurements of limb radiance from one scan are used to deduce profiles of temperature and of the mixing ratio of various species. The profiles are retrieved on a fixed pressure grid. Version 104, which we use here, has six levels per pressure decade: approximately one level every 2.5-3 km. MLS provides a 3 km field of view in the vertical. Latitudinal coverage changes from between 80øN and 34øS to between 34øN and 80øS about every 36 days because of the satellite making a yaw maneuver. The tropical region is thus, barring occasional instrument problems, observed daily, and measurements are available from September 19, 1991 to April 22, 1993. The MLS instrument is described in more detail by Barath et al. [1993] , and the measurement technique is described by Waters [ 1993] .
Version 104 was a prototype version developed before the most recent version, version 5, and using a slightly different method. Version 104 is an improvement on previous versions [Pumphrey, 1999] and also has advantages over version 5. We have chosen not to use version 5 for this study because it appears to have more problems than version 104 in the lowest part of the stratosphere. A more detailed discussion of the use of version 104 and version 5 is given by Pumphrey et al. [2000] .
For the reasons given by Pumphrey et al.
[2000] we do not feel that the 100 hPa data can be believed sufficiently to investigate the spatial structure on a daily basis, although papers such as those by Pumphrey et al. [2000] and Mote et al. [1998a] have demonstrated that it shows some physically reasonable behavior. We therefore confine our study to the 68 hPa level. The averaging kernel for the 68 hPa level has a full width at half height of about 4.2 km, broader than the 3 km typical of the midstratosphere. The retrieved value at 68 hPa therefore depends to some extent on the true values at 100 and 46 hPa. It is important to keep in mind that the retrieved points should be interpreted as values at the breakpoints of a piecewise-linear representation of the vertical profile. We estimate, at this level, the precision of a single profile to be 0.3 ppmv and the accuracy to be 0.75 ppmv. MLS shows little bias against frost point hygrometer data at 68 hPa but shows a dry bias when compared with data from the HALogen Occultation Experiment (HALOE) and aircraft-mounted Lyman-alpha instruments [Pumphrey, 1999] . This should be borne in mind when considering the mixing ratios discussed in the remainder of this paper.
Evolution of Patterns at 68 hPa
The time-height sections which revealed the tape recorder effect in the paper by Mote et al. [1996] were based on the average water vapor mixing ratio in a tropical bin from 12øN to 12øS and hence gave no information about the horizontal distribution of water vapor and how it changes. At 68 hPa there remains some regional structure to the water vapor field. We describe this regional structure and its development over time.
The 68 hPa level at the launch date of UARS (September 8, 1991) was relatively moist, remaining so until around January 1992 . It then began to get drier, with the dry phase existing until June or July. This was followed by a moist tape signal which was present until January 1993. Sequences of days have been studied throughout the entire period for which there are data from the 183 GHz channel on MLS (September 1991 to April 1993), but we focus here on the later part of the transition from the moist to dry phases when the driest air appears at the 68 hPa level.
The longitude-time section in Figure 1 shows the evolution of this driest phase at 10øN from the beginning of January 1992. MLS footprints were interpolated onto points spaced every 5 ø in longitude at 10øN as described by Clark et al. [1998] . We shade contours in the range 2. The air is at most about 25% saturated, and the United Kingdom Meteorological Office (UKMO) temperatures would need to be at least 8 K colder to achieve saturation on the surface in question. This suggests that it is not drying in situ and is therefore likely to have come from below (not above since the gradient of mixing ratio is in the wrong sense), but some studies imply that that air might be sinking in these regions [Sherwood, Whether the vertical velocity introducing this dry air is an upward extension of the "fountain" or part of an unrelated large-scale uplift is beyond the scope of this study.
The longitudinal features are in broad agreement with January and April averages of water vapor at 70 hPa from the Stratospheric Aerosol and Gas Experiment (SAGE) II [Rind et al., 1993] , with dry areas being found above the convective zones of the western Pacific, Indonesia, Africa, and South America. Note that although SAGE II is used to form the a priori for MLS, the fact that it is a zonal mean implies that the longitudinal structure here is not imposed on SAGE II. Jackson et al. [ 1998] examined seasonal, multiyear averages from HALOE at 128 hPa, 100 hPa, and 83 hPa. They noted that at 100 hPa the lowest water vapor values (around 2.4 ppmv) appeared in the Northern Hemisphere to the west of the Indonesian source region and that the dry air then spread southward. Both SAGE II and HALOE, however, have a much more limited spatial and temporal resolution in the tropics than MLS and are not able to provide the daily coverage of the tropical region that we present here. 
Horizontal Advection for 1992
We investigate the extent to which these dry and moist changes in If the bias between the radiosonde and the analyzed wind at Singapore is added to the UKMO wind field everywhere, it results in a displacement of the advected field by about 1000 km in the zonal direction (1000 km being within the 2600 km resolution of MLS at the equator) and 300 km in the meridional direction over a 1 O-day advection. Similarly, perturbing the winds by an amount comparable to the difference between the two data sets does not make a significant difference in the resulting fields. We therefore believe the UKMO analyses to be sufficient to support the qualitative statements that we make below. Figure 4 shows the water vapor field after it has been advected for 10 days on the 435 K isentropic surface with UKMO horizontal wind fields using a fourth order RungeKutta scheme. The UKMO winds are updated once every 24 hours. Following Waugh and Plumb [1994], we estimate that reasonably accurate trajectories can be calculated with daily wind fields and that significant differences develop only when the wind field is updated after more than 1 day has elapsed.
For each of the 5 days that comprise the pentad, the MLS footprints from 10 days before were interpolated onto parcel positions which, when advected forward with the UKMO winds, would leave the parcels on the same regular grid used in Figure 2 ally, the averaging kernels for a given node would be zero at all the other node points. Figure 5 shows that the kernel for 46 hPa approximates that fairly well, while those for 68 hPa and 100 hPa are less ideal. In particular, the 68 hPa kernel has the value 0.63 at 68 hPa and 0.18 at 100 hPa. Thus a perturbation of about 2 ppmv in the true profile at 100 hPa produces about a 0.6 ppmv perturbation in the retrieved profile at 68 hPa.
To further demonstrate these effects, we apply a sinusoidal wave perturbation in the longitudinal direction at 100 hPa to an otherwise unperturbed atmosphere. Figure  6 shows how this appears in the retrieved values at 100 and 68 hPa. The effect of the perturbation can be seen at both levels, but with amplitude diminished by values consistent with the averaging kernels. While it is true that the retrieved patterns at 68 hPa could be induced by a larger perturbation at 100 hPa, in that case we would expect to see signs of the same pattern in the retrieved values for the 100 hPa level.
The 100 hPa fields show some correlation with 68 hPa, but variations are of smaller amplitude. The contribution from lower levels is small, and we therefore infer that the patterns are imposed close to 68 hPa or, at least, well above the 380 K or 90 hPa levels traditionally used as the demarcation between the troposphere and stratosphere.
There is much discussion as to the height to which tropical convection can reach, but generally, it is not considered to be high enough or occur with sufficient frequency, such that it could impose patterns on the 68 hPa surface, as we have seen here. Danielsen [1982] suggested that tropical convective systems could lead to dehydration in the stratosphere, prompting in situ measurement campaigns to look for evidence of deep convection in the tropics. The StratosphereTroposphere Exchange Project, Tropical Experiment (STEP Tropical) [Russell et al., 1993] , for example, investigated stratosphere-troposphere exchange and the dehydration process in the western Pacific and northern Australia during the monsoon in January-February of 1987. Pfister et al. [1993] showed that monsoon tropical cyclones mixed tropospheric air directly into the stratosphere at heights of around 18 km by means of detrainment from small and numerous overshooting turrets.
Convection that reaches these altitudes is thought to be infrequent, with some studies suggesting that tropical con- The patterns that we see at 68 hPa could well be the result of both overshooting convection and slow ascent and would therefore perhaps be better interpreted within the "tropical tropopause layer" (TTL) theory as suggested by Sherwood and Dessler [2000] . They propose that air detrains at various levels throughout the TTL, defined as the area between about 14 km, where most convection detrains, and 70 hPa, the highest level that convection can reach. Air on any given isentropic surface will have a range of "ages", with air that is further from convection, having been in the TTL for longer, being older and therefore moister than air that has recently detrained. The patterns we describe are found just below the top of their proposed TTL. Figures 1 and 2 showed that air in the two main convective regions, the western Pacific and Panama, was drier and therefore probably younger, having arrived on the 435 K surface first, just 10 days or so before air which detrained elsewhere within the TTL. To produce The easterly phase of the QBO could therefore account for the lower mixing ratios in 1991-1992 if temperatures were lower. The easterly phase of the QBO may also encourage deep convection [Collimore et al., 1998 ] to overshoot the tropopause and hence lead to a drier lower stratosphere. There is, however, much uncertainty over the frequency of convective overshooting events.
The only 2 years worth of data, is impossible to ascribe these interannual differences to either ENSO or the QBO since they operate on a longer timescale than that for which we have data available.
The reason for such a marked difference in dryness between the Northern Hemisphere winters of 1991-1992 and 1992-1993 is clearly something which requires further investigation.
Summary
References During the drying phase of both 1992 and 1993 at 68 hPa, MLS shows that the first region to become drier is the Indonesian fountain region followed by the western Pacific, Panama, and the western coast of North America. Moister areas continue to remain over the Southern Hemisphere continents and the southern Pacific Ocean. In 1992, dry air is eventually found in a band along the equator with the most northerly extent over Panama and Indonesia, but there is no such zonal structure evident in 1993.
Some differences in observed dryness exist from year to year. Winter 1991-1992 was much drier than 1992-1993, and this could be attributed to the easterly phase of the QBO in 1991-1992, lowering the temperature of the tropopause and encouraging deep convection. ENSO events or the eruption of Mount Pinatubo may also have played a part in causing 1992-1993 to be moister than 1991-1992, but with the limited length of the available data set it is not possible to assess the importance of these effects. Two-dimensional trajectories from UKMO analyses show that air of high water vapor mixing ratio is advected into the tropical region from outside the 30øN to 30øS band. The trajectories reveal that low-mixing-ratio air is not spread from a source region over Indonesia across the western Pacific to account for the dryness over Panama observed some 10 days later. Horizontal transport alone cannot account for the observed patterns. We infer that there must be vertical transport of water vapor in numerous places across the tropics to account for the observed pattern. We suggest that the importance of the stratospheric fountain region is not that all or most of the air enters the stratosphere there, but more that it is the first place that sees low mixing ratios.
The fact that MLS shows such patterns in the water vapor field at 68 hPa is somewhat surprising and is difficult to explain. If the air rose gradually under the action of the extratropical pump, we would have expected rapid horizontal motion to have smeared out any pattern, leading to a mostly zonal structure to be observed at 68 hPa. We suggest that the pattern in the water vapor field is imposed higher than the traditional level of 380 K used to indicate the tropopause and well above the 14 km level at which most convection is considered to detrain. We suggest that the patterns could be interpreted as resulting from the action of both slow as-
